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liie purpose ot this investigation was to set up a liquid diffusion 
couple of lead (Pb) ami Pb-0,05 atomic percent (at. ) p.uld (Au) allov 
in a micro^ravitv environment. The liquid diffusion couple was comaine 
in two tvpes oi ampoules, a 1015 steel container thar tin* liquid metal 
would wet and an LTJ graphite container tiiat the liquid metal would not 
wet* The couples were to he in the molten state tor a reasonable time 
compared to the available diffusion length of 3 cm. If there were no 

B 

convective stirrim; etiects due to the surface tension differences 
between the Pb and Ph-n*M5 at* Au allov, t.iien a normal concentrat f on- 
distance profile for the Au could be foumi in the diltusiou couples* 
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Because there were two diffusion temperatures 923 and 743 K (n30°C and 
470°C), the liquid diffusion parameters for Au in Pb can be estimated* 
If there were convective stirring effects due to the surface tension 
variations caused ty the Au additions, then these could also be found 
by the autoradiographic technique used for the diffusion analysis. The 
wetting and nonwetting ampoules can be examined to evaluate the extent 
of the stirring effects. 





EXPERIMENT DESIGN 


The general concept of the experiment, specimen ampoule preparation. 


and experimental design can bo found in references 1, 


However, 


brief description of the experimental design will help to clarifv tli 
results obtained. A schematic representation showing the arrangemen 
of the specimens in the multipurpose electric furnace is shown in Fig. 1 
Because of longitudinal heat flow in the furnace upon heating and 
cooling, the specimens melted from left to right with reference to tl 
representation. Fig. 1, and solidified in the reverse direction; as is 
shown, a total of six specimens were used in the experiment aboard 
Apollo-Soyuz. The furnace and the cartridges which contained the 
specimen ampoules were constructed such that each ampoule would experience 
minimum temperature gradients. Two of the three flight cartridges 
contained specimens loaded in graphite containers. The two cartridges 
were identical except for the fact the Pb and 0.0b at. % Au alloy in one 
cartridge (Flight Cartridge 2) was located on the end which melted first; 
in the other cartridge (Flight Cartridge 3) the alloy was located on the 
reverse end of the specimen and thus melted last and solidified first, 

This arrangement was done to determine if there was a melting or 







solidification effect on the Au concentration profile. Flight Cartridge 
(Fig. 1) contained two specimens in a steel capsule with the Pb-Au alloy 
aligned such that it melted first. An identical specimen arrangement to 
the one just described was used for ground base tests to provide 
comparison between the different transport mechanisms in liquid metals 
processed in space and in a unit gravity environment. 
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Dimensions of the actual specimens are shown in Fig. 2. The total 
specimen length was approximately 3 cm and the dir^ter was approximately 
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1 cm. The 3-millimeter thick Pb-0.05 at. % Au alloy disk was cold* 
pressure welded to the pure Pb* It should be noted that the total 
diffusion distance available was approximately 3 cm. 
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Ampoules imild steel atul stainless steel lined with graphite) used 
tor the specimens described in this report are shown in Figs* 3 and 4, 
respectively. In the graphite lined container, quartz cloth disks were 

placed at each end to provide some padding tor normal handling movements 

* 

and to adjust the void spare in the ampoule 
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GROUND HASH AND SPACE FLIGHT THERMAL CHARACTERISTICS OF THE 
MULTIPURPOSE ELECTRIC FURNACE 











Temperature- time data monitored on the mission was obtained by 
measurements made on the heat-leveler block of the multipurpose furnace 
Subsequent to flight, a ground base tv sr. ./as made in which the space 
flight lurnace operation was duplicated since its operation during the 



actual experiment was different from that originally planned. The thermal 
characterization analyses to obtain the temperat ure-time history for th 
specimen ampoules (both space flight and ground base samples) were made 
bv Teledvne Brora Kngineering and the results are shown in Tables 1 
through 4." Relative node locations described in Tables 1 through 4 are 
shown in Fig. 5. Table 5 lists the heating and cooling rates for both 
ground base and space flight specimens at 600°K; these rates are based 
on the slopes of the temperature curves lor nodes 312 and 322 (Fig. 5;. 

The approximate solidification rates for both the ground base and space 
flight samples were determined bv dividing the change in temperature per 
unit time by the change in temperature per unit length. The results are 




1. 2.3 cm/min. for the hot zone ground base samples 

2. 9.0 cm/min. for the cold zone ground base samples 


- 



3. 2.5 cm/min. for the hot zone space flight samples 

6.0 cra/min. for the cold zone space flight samples 

It was determined from the flight analyses that the ampouKs A and B 
(Fig. 5) were in the liquid phase for 268 and 82 min., respectively. In 



the (JBT-25 experiment the sample liquid phase duration was 226 and 77 min 
for ampoules A and B, respectively. 
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Node 311 


Node 312 -Node 313 Node 321 : L Node 322 Node 323 


Figure 5. Schematic showing the relative node locations used in 
both ground base and space flight thermal analyses* Ampoules A and B 


represent the hot and cold zones of the multipurpose electric furnace 


respectively, 



Ground Base Temperature 
History* 


(GBT-25 - Teledync Brown 
Engineering) 


Space Flight Temperature 
History** 
(Teledyne Brown 
Engineering) 


Heacing Race at 


600 K (K/min.) 

7 



Cooling Race at 


600 K (K/min.) 

1 



Heating and cooling rates based on the slopes of the temperature 
curves at 600 K at nodes 312 and 322 for GBT-25* 3 

Heating and cooling rates based on the slopes of the temperature 
curves at 600 K at nodes 312 and 322 for the space flight 
ampoules. 3 
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SAMl’l.h FKKl’AKAT ION FOU POST-MISSION ANALYSES 


Tlw suckle numbers for each specimen used ir« Loth the ground base 
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ami space flight experiments are shown in Tables 6 and 7. After the 
completion of the melting experiments (both ground base and space flight) 
the ltuples were returned to the Oak P.idj'e National Laboratory (ORNL). 
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After removal from the ampoules* specimens A and A-R were potted in 
araldite epoxy for actioning longitudinally. Since the B specimens 
Were contained in the mild steel ampoules which would be wet by the molten 
specimens, the ampoules were mounted in epoxy resin and the ampoules, 
together with the B specimens, were sectioned longitudinally. The epoxy 
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•^tting material was then dissolved from samples and the samples together 
with seven Pb-Au calibration disks were then remounted in a 5-cm diam 
araldite epoxv mount and metallcgraphicallv polished. 

The samples were irradiated in the Bulk Shielding Reactor (RSR) at 
OKNL for 4 hr and 2 MW in essentially a pure thermal flux of 1.2 x 19 ^ 
neutrons/sec'cm* In the irradiation both ^ J -Pb and *-*Au are formed. 

The activity of interest is i99 Au which decays by the emission of 
0.960 MeV beta particles with a half life of 64.8 hr. The "^-Pb formed 
during the irradiation is essentially nonexistent after approximately 
24 hr since the thermal neutron cross section for forming 2j3 Pb from 
“’^Pb is low and the ‘ 05 Pb half life is onlv 3.3 hr. After the radio- 
active nuclides decayed for 24 to 30 hr, autoradiographs of the specimens 
were made. 

Autoradiographs were made in complete darkness in the same darkroom 

1 

m which the film was developed subsequent to exposure. The polished 
face of the mount */as placed face down on Kodak Industrial Type "R" 

iTi 

X-Ray film, an ultrafine grain, single emulsion film. Exposures were 
made for 8, 16, 32, 64, 128, and 256-min. durations. 'Hie film is 
sensitized by 8” emission from the Au in the Pb • Since the range of 
the 0.960 MeV 8" in Pb is approximately 0.36 mn, only the Au concentra 
tion in this layer thickness is determined. 
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In the last progress report, exterior characteristics of Typo A 


ground base and space flight samples were discussed; 2 for continuity, 


brief description will also be included in this report. 


The ground base sample (17-A) and the space flight sample (11-A) 


which were located in the hot end of the multipurpose electric furnace 
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Figure 6. Fnotograph of the ground base test (17-A) and space flight 
(ll-A) specimens from the hot position of the electric furnace. The 
samples solidified from the bottom to top in ampoules with nonwetting 
walls. The samples are approximately 1 cm in diameter. 
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3. The ground base specimen showed the expected sharp 


corners at its base, wtrMe the space flight 


specimen has rounded corners at each end of the 


ingot. 


. 


A top view of the two samples is shown in Fig. 7; again the cellular 


* 


structure is seen in the space flight sample. Evidence cf a solidifica- 


tion pipe can be seen at the top of the ground base specimen 17-A. The 

bottom end of the two specimens is shown in Fig. 8; ripple marks on the 

. ... . . 



base of the ground base ^oecimen ••'ere caused by the quartz spacer cloth. 
The space flight sample has a rounded edge and no evidence of ripple 






marks from the quartz cloth. 
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Side and bottom views of space flight sample 13 A-R and ground base 
sample 11 A-R are shown in Figs. 9 and 10, respectively. Recall that 
these samples are identical with samples 11-A and 17-A with the exception 
mat the Pb-Au alloy is located on the opposite end of the specimens for 
the A-R samples. For the A-R samples the original Pb-Au alloy disk 
region melted last and solidified first. Characteristics similar to 
those noted for 11-A and 17-A are evident. Photographs for the Type B 
samples (contained in a wetting mild steel ampoule) from the hot end of 
the furnace were not obtained since they were not removed from their 
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Figure 9. Photograph of the side view of ground base (11 A-R) and 
space flight (13 A-R) specimens from the hot zone of the electric 
furnace. The solidification direction is from the bottom to the top. 
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A print of an overexposed autoradiograph of space flight sample 11-A 
_s shown in Fig, 11. The light areas represent Au activity and the seven 
Pb-Au standards (0, 25, 50, 100, 200, 300, 400 at. ppm Au) are shown 
beside the sample. The Au concentration in the central region of the 
original Pb-Au alloy disk which was located at the botcom of the sample 
is decreased from 500 at. ppm to approximately 125 at. ppm (Fig. 11). 

The Au concentration along the edges of the specimen in the vicinity of 
the original Pb-Au disk is decreased to approximately 90 at. ppm. Micro 
photometer scans indicate that there is a small amount of Au (2-5 at. 
ppm) at the end of the sample; this is not evident from Fig. 11 but is 
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A print of an overexposed autoradiograph of ground base sample 17-A 



is shown in Fig. 12. The ground base samples were mounted vertically in 
the multipurpose electric furnace and thus sample 17-A (Fig. 12) melted 
from top to bottom and solidified from bottom to top. The solidification 
pipe can be seen at the top of the sample. As can be seen in Fig. 12- 
most of the Au has moved to the lower region of the sample. The 
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microphotometer scans indicate that the Au concentration is approximately 
r* '• " r r : t r * ' w . _ - .. . _ * _ 

30 at. ppm in the vicinity of the original Pb-Au alloy disk and approxima 

M l urn 

tel ,r 75-80 at. ppm on the opposite end of the sample. The Pb-Au phase 
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diagram predicts an equilibrium distribution coefficient during 


solidification of <1. Thus, if it is assumed that the Au was evenly 


distributed in the melc and the solidification front passed up the ingot. 


iC would be expected that there would be a heavier concentration of Au 
near the top. It should be noted that since freezing occurred very 

H 

rapidl -1 :, the effective distribution coefficient (K ,,) should be nearly 

ett 

equal to 1. Thus, solidification would have very little (if any) effect 

B 

on the final Au concentration profile. The Au distribution shown in 
Fig. 12 cannot be explained by a solidification effect. 
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Au concentration at the bottom of the sample is reduced from 500 at. ppm 


to approximately 160 at. ppm tutd or. the opposite end it is approximately 
5-10 at. ppm. One possible explanation for the Au distribution in 
sample 17-A is that instabilities upon melting caused the Au to flow 
the bottom of the sample. 


Prints of the autoradiographs of space flight sample 12-B and groum 
base sample 13-B are shown in Figs. 15 and 16, respectively. These 
scjnples were mounted and irradiated in their mild steel (wetting) 
containers. (The hole in the Au-rich region of specimen 12-B could 
possibly be due to shrinkage porosity.) The Au concentration in the 
vicinity of the Pb-Au disk decreased to 85-90 at, ppm with 3-5 ac 
Au at the opposite end of the specimen. The ground base sample (13-B/ 
in Fig. 16 has an approximately uniform Au distribution across the sample 
with an average concentration of Au of 35-40 at. ppm everywhere except a; 
the grain boundary where the concentration is much higher 
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Figure 15. A print from an autoradiograph of space flight specimen 
12-B. The wetted mild steel ampoule can be seen, lhe light areas in 
the end caps do not represent Au activity, but other activities that are 
the result of che thermal neutron irradiation of the mild steel ampoule 
The light area in the Pb does represent Au activity. 
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Figure 16. A print from an autoradiograph of ground base sample 
■B. Note the Au activity in the grain boundary. The Pb sample is 
fairly dark because the Au concentration is low and is fairly uniform 
over the sampxe. 
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Figure 17, Photograph of the side view of ground base test (14-A) 


and space flight (?1-A) samples which were located in the cold zone of 
the electric furnace* The samples solidified from the bottom to top in 


ampoules with nonwetti. c walls. 
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Figure 18. Photograph of the bottom ends of ground base (14-A) 
and space flight (21-A) specimens. 
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A side, bottom, and top view of samples 20 A-R and 17 A-R are 
shown in Figs. 19-21. Cellular structure in the space flight sample 
17 A-R is not as evident as the hot zone space flight samples. 

Evidence of a large solidification pipe in space flight sample 17 A-R 
is seen in the ton of the sample in Fig. 21. 

A print made from an autoradiograph of space flight sample 21-A 
is shown in Fig. 22 which indicates the Au concentration profile to 
be curved. The microphotometer scans indicate a diffusion distance of 
1.35 cm and that the Au concentration in the vicinity of the original 
Pb-Au alloy disk has dropped from 500 at. ppm to approximately 190-195 
at. ppm at the center of the sample and to approximately 170 at. ppm 
at the edges. 
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Figure 22. A print of an autoradiograph of space flight sample 
21-A. The light areas represent Au activity. 





The Au concentration in the ground base specimen 14-A is shown in 
Fig. 23; as was true with the previous ground base specimen in the hot 

■ v ^ 1 

zone (17-A), nost of the Au moved to the lower region of the specimen 

. 

In the figure, the original Pb-Au alloy was located at the top and the 
sample melted froc the top and solidified from the bottom. The two 
elongated spots on the sample are ltr • areas caused by the metallographlc 
polishing process. The Au concentration data for sample 14-A has been 
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obtained itom the micro) hotometer rcans and is shown in Table 8. The 
samole canned longitudinally beginning at the top of Fig. 23, on 
thi. ride next to the standards. To avoid edge effects, the first and 
last sran (Y* and Yq) are approximately 1 mm from the edge of the 
sample. Edge effects aie caused by the asymmetric scattering patterns 

in those areas. The X values shown in Table 8 represent distances (mm) 
along the sample cylindrical axis from the top to the bottom of the 
sample as shown in Fig. 23. From Table 8 ic is apparent that the Au 
concentration in the area of the original Pb-Au alloy disk decreased to 
approximately 27-30 a k . ppm while the bottom end of the sample contains 
60-70 at. pom Au. 
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'he Au concentration datJ shown In Table 8 shows ao asymmetric 
variation across the dianx ter--cor.ce r CLions being higher in the region 

next to the standards. Since the asymmetri- variation was seen for all 

_ 

specimens, there is a high probibility that the effect is due to 8 


particles originating from the Fb-Au standards. The magnitude of this 
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effect can be determined by rerunning a specimen which has been 
separated from the standards. This will enable corrections to be made 



for all specimens. 
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Prints of overexposed autoradiographs of space flight sample 17 A-R 

and ground base sample 20 A-R are shown in Fig. 24 and Fig. 25, 

r ! -i . %3ELm 

respectively. Microphotomeler scans indicate that the Au concentration 
for sample 17 A-R is similar to sample 21-A. In the central region of 
rhp oritfin.il Ph— An .illnv fh*» An ronrpnr r;if inn fn 200— 70S At. 
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the original Pb-Au allov the Au concentration decreased to 200-205 at. 
ppm and the Au diffusion distance is approximately 1.35 cm. The curved 


Au concentration profile is not as predominant for sample 17 A-R as it 

> ' 

is for sample 21-A. 
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Ground base sample 20 A-R, shown in Fig. 25, indicates that once 


agair the Au originally located at the bottom of the sample stayed at 


tip. bottom. The Au concentration decreased to approximately 200 at. ppm 
at the bottom whereas approximately 1-5 at. ppm is found at the opposite 
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Prints of the autoradiographs for the Type B samples from the cold 
zone of the furnace are presented in Fig* 26 ar.d Fig. 27 , respectively, 
showing the Au concentration for space flight sample 71-B, Fig. 26, to 
be similar to that for samples 21-A and 17 A-R; however, the Au appears 
to have diffused slightly further into the sample* Diffusion distance 
in sample ?1-B was approximately 1*7 cm as compared with 1.35 cm for 
space flight samples 21-A and 17 A-R which were also located in the cold 
zone of the multipurpose furnace. The sample appears to have wet the 
end of the mild steel ampoule that was adjacent to the original Pb-Au 
alloy disk. The Au concentration profile is curved. 

Most of the Au in ground base sample 15-B has moved from the area 


of the 0.3 ran Pb-Au alloy disk to the opposite end of the specimen as 
shown in Fig. 27. This behavior is opposite to that observed for 
sample 13-B, the ground base sample contained in a wetting mild steel 
ampoule located in the hot zone of the furnace, but it is identical to 
what happened in ground base samples 17-A and 14-A which were contained 
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nonwet t i n>* graphite lined ampoule.** and w ere located in t lie* hot and 
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/.utU'H of the iurnace, respect ivclv. The Au concent rat Ion in the 




ii ihit ol tin- original i'h-Au allov disk has decreased to approximately 
iu at, ;m»u while it has increased to approximately 63-70 at, ppm on the 
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(Reter to Table / ior sample number, container type, temperature 
region and original i’b-Au alloy disk location.) 



The Au concentration distribution in all ground base samples, with 
one exception, showed similar lorn, i.e«, most ot the Au that either 
Carted at the top or bottom of the specimen was iouiul in the lt>wer 
region of the sample. The one exception was sample 13-b wherein the Au 
was uniformly distributed except at the grain boundary in the lower 


region of the sample. 
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